Mitochondria are an important regulator of organismal fitness and the key energy converting organelle. The flow of energy in eukaryotes involves the conversion of macronutrients to form substrates that drive mitochondrial respiration. Changing the relative ratio of dietary macronutrients can influence metabolic flexibility and alter the production of mitochondrial metabolites, such as reactive oxygen species (ROS), which can influence mitochondrial functions and affect the organismal health. In this review, we describe the differences in mitochondrial output due to dietary macronutrient composition in individuals with Complex I mutations. Non-synonymous mutations in mitochondrial Complex I subunits are a common cause of early-onset mitochondrial diseases. We discuss the possibility of manipulating macronutrient ratios as a treatment for some cases of mild mitochondrial dysfunction.
Introduction
The influence of diet on mitochondrial functions has been a longstanding question in biomedical science. Discovering the interactions between diet and mitochondria may lead to a tractable mechanism for improving human health and could give an insight into the pathophysiology of mitochondrial diseases 1 . Mitochondrial functions are determined by a tight coordination between mtDNA, nuclear DNA and the metabolic state of the cells, which is highly influenced by diet. Mechanistically, diet may affect the mitochondrial functions of different mitochondrial haplotypes 2, 3 . Thus, we suggest that it will be necessary to associate the function of mitochondria with diet to provide a more robust understanding of specific mutations in mitochondrial genes.
The subunits of the electron transport chain function to transform the energy contained in nutrients into the high energy bonds of ATP via oxidative phosphorylation (OXPHOS). Energy and substrates that drive mitochondrial respiration can be obtained from either glycolysis of glucose, beta-oxidation of fatty acids or oxidation of amino acids 4, 5 . The end products of mitochondrial respiration differ between these substrate sources, and these differences can exacerbate or relieve mitochondrial disease. In this review, we evaluate the potential for different dietary macronutrient compositions to be used to treat patients with mutations in mitochondrial Complex I. physiological conditions by allowing organisms to switch from one type of fuel to another in response to the dietary changes. Regulation of metabolic flexibility is complex and involves compensatory mechanisms including anterograde (nuclear control of mitochondrial functions) and retrograde (nuclear changes in response to mitochondrial signaling) responses [7] [8] [9] . It is possible that metabolic flexibility is primarily substrate driven, as described by the Randle cycle. The Randle cycle is a biochemical mechanism that fine-tunes the balance between glucose and fatty acid oxidation in muscle and adipose tissue. This cycle regulates fuel selection and adapts the supply and demand of the substrate in tissue 10 .
Changes in dietary macronutrient compositions have recently been suggested to modify the location of electrons entering into the ETC and possibly influence mitochondrial metabolism. For example, electrons that enter through Complex I can generate a total of 10 H + but only six H + can be generated when the electrons bypass Complex I and enter through Complex II 4 (due to either nutrient availability, diet composition, or complex I mutation). These differences in proton concentration caused by different entry points will influence the transmembrane electrochemical gradient and eventually affect the rate of ATP produced by Complex V 2 . In the next section, we will discuss the influences of macronutrients on mitochondrial functions. As a model, we will study Complex I mutations to facilitate the understanding of these macronutrientmitochondrial DNA interactions.
Complex I mutations
Mitochondrial Complex I, or NADH dehydrogenase, is the first entry point of electrons as well as the largest complex in the respiratory chain. It transfers two electrons from NADH to ubiquinone, which simultaneousy facilitates the pumping of four protons across the inner mitochondrial membrane. Mitochondrial Complex I produces approximately 40% of the proton flux that is used in ATP production, and is a major source of ROS production. In worms and flies, knocking down of different Complex I subunits caused increase of lifespan and apparently the relationship is not simply one of reducing ROS resulting in increased longevity 11 . In human, dysfunctions of mitochondrial Complex I subunits are associated with a range of clinical phenotypes, and these dysfunctions may be caused by mutations in either nuclear or mitochondrial DNA
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. The phenotypes of mitochondrial Complex I dysfunctions include reduced fertility, shortened lifespan, progressive neurodegeneration, insulin resistance, type 2 diabetes, mitochondrial encephalomyopathy lactic acidosis and stroke like episodes (MELAS), and Leber heriditary optic neuropathy (LHON) [13] [14] [15] [16] [17] [18] [19] [20] [21] . Given the occurrence of heteroplasmy of mtDNA (wild type and mutant mtDNA) in each cell, the influence of mtDNA mutation can only be detected when the effects of the mutation go beyond a certain threshold that the cell cannot compensate for 22 .
Influence of dietary protein on Complex I mutations
To date, only a few studies have investigated the relationship between macronutrients and mitochondrial functions. A study on Drosophila has shown that flies fed with high Protein: Carbohydrate (P:C) ratio diet were associated with higher citrate synthase activity which is a biomarker of mitochondrial content 3 . Additionally, restricted intake of the essential amino acid methionine in rat has been shown to associate with a decrease in mitochondrial content, followed by an increase in mitochondrial functions and decrease in oxidative stress [23] [24] [25] . Indeed, an increased intake of methionine was also shown to increase mitochondrial ROS production and mitochondrial DNA oxidative damage in rat liver 26 . Combining these findings, it suggests that intake of high protein diet or certain amino acids could increase mitochondrial ROS and mitochondrial content. Amino acids can only generate ATP in a mitochondrialdependent manner. Thus, more ROS will be produced when proteins are used as the main fuel for energy generation ( Figure 1 ). The increases in ROS lead to increased oxidative stress 27, 28 which is thought to be a major contributor to the pathogenesis of mitochondrial disease-associated neuronal degradation 13, 29 , reduced fertility 30 and diabetes 31 .
Cellular oxygen concentration may also influence ROS formation in a mitotype specific manner. Typically, a lower oxygen content generates less ROS, and a higher content, more ROS [32] [33] [34] . However, there are examples where ROS formation is prevented or at least decreased by increasing the oxygen consumption to decrease cellular oxygen concentration [35] [36] [37] . Likely, mtDNA mutations that cause differences in mitochondrial functions will influence the rates of oxygen consumption 38 , ATP production 39 and therefore ROS formation 39, 40 . Further work on these compounding effects will be important if these interactions are to be fully understood in health and disease.
Simply increasing the amount of mitochondria within a cell to compensate for dysfunction is not always an effective response to mutations in mitochondrial genes. For healthy mitochondria, upregulation of mitochondrial content will cause a small amount of ROS production, which may be beneficial for the organism, because low levels of ROS are required for regulating homeostasis 41 . However, an increase in mitochondrial content could have a severe impact on organisms that harbour mtDNA mutations 28 . For example, the His182Tyr substitution in the ND2 (part of Complex I) protein in Drosophila has been shown to increase mitochondrial ROS production and impair energy production 3, 17 . This ND2 mutation induces an increase in mtDNA copy number but with the trade-off of reduced lifespan 16, 17 . Potentially, an upregulation of unhealthy mitochondria will provide a short term benefit for the organism, but may eventually, lead to the accumulation of free radical damage over time and induce cellular cytotoxic stress. In support of this is a recent study in worms has shown that mitochondrial OXPHOS dysfunction will lead to activation of the mitochondrial unfolded protein response, propagation of deleterious mtDNA and potentially mitochondrial diseases 42 .
Influence of dietary carbohydrate on Complex I mutations
Empirical studies have shown that dysfunction in the mitochondria can cause a switch from mitochondrial respiration to aerobic glycolysis to reduce oxidative stress [43] [44] [45] [46] , which could be considered to be a Warburglike effect 47 . In fact, this switch from mitochondrial respiration to aerobic glycolysis was shown to be at least partly mediated by respiratory Complex I 48 . The missense mutation in mitochondrial ribosomal protein S12 (tko) that reduces Complex I, III and IV activity has been shown to alter the pattern of gene expression in Drosophila [49] [50] [51] . The mitochondrial ribosomal protein S12 is encoded by nuclear genes and responsible for protein synthesis within the mitochondrion. Transcriptome-wide analysis of gene expression shows the tko 25t mutant flies experience a metabolism switch in order to compensate the OXPHOS defect. Specifically, the tko 25t mutant flies experience an upregulation of lactate dehydrogenase which suggested a switch to glycolysis for ATP production 50 . Currently, it is not known whether this switch results from Complex I dysfunction, or a retrograde response mediated by ROS.
Here, we suggest that a potential retrograde response for oxidative stress is to switch the energy production from the mitochondrial-dependent (mitochondrial OXPHOS) to the mitochondrial-independent (glycolysis) pathway. We hypothesize that this response can only be initiated in the presence of carbohydrate, thus, diets with high carbohydrate content should provide higher plasticity and have specific advantages for organism that harbour non- The TCA cycle generates substrates (NADH) for OXPHOS and uses this substrate to fuel mitochondrial respiration. Mitochondrial complexes will collect electrons (blue line) from substrate oxidation and transport protons (red line) into the intermembrane space (dotted line). MtDNA mutations in Complex I (black cross) reduce the efficiency of electron transfer or proton transport, which lead to an increase in ROS production (red explosive symbol). In this case, the amino acids can only generate ATP in a mitochondrial-dependent manner. Thus, more ROS will be produced when proteins are used as the main fuel for energy generation. synonymous mtDNA mutations in OXPHOS genes. Based on this, we predict that diets rich in sugar could potentially alleviate the mutant phenotype caused by mitochondrial dysfunction. If the hypothesis is supported, it could suggest a potential route for macronutrient management of patients with a subset of mitochondrial diseases. A potential problem with this hypothesis is that the ATP produced from glycolysis would be approximately 20 times lower than that is produced from OXPHOS. However, a switch of energy production from mitochondrial OXPHOS to glycolysis can also lead to lipid accumulation which could force the organism to use lipid as an alternate fuel source 46 ( Figure 2 ).
Influence of fat on Complex I mutations
A recent review from Ballard and Youngson 2 suggested that changes in dietary macronutrient compositions could modify the entry point of electrons entering into the electron transport system 40 and potentially influence mitochondrial functions. It is possible that dietary fat could increase the rate of beta-oxidation and change the concentration of FADH 2 and NADH. For example, metabolism of one molecule of glucose produces an NADH: FADH 2 ratio of 5:1, whereas long chain fatty acid beta oxidation yields an NADH: FADH 2 ratio of about 2:1 52 .
In this case, a slightly deleterious non-synonymous mutation in mitochondrial Complex I may induce more reducing equivalents in the form of fatty acyl-CoA through beta-oxidation of fatty acid and elicit a higher proportion of FADH 2 . These reduced FADH 2 cofactors could subsequently shuttle a series of electrons to the ETC through electron transfer flavoprotein (ETF). ETF is a component of ETC that forms a shortcut for transferring electrons from betaoxidation to ETF-ubiquinone oxidoreductase (ETF-QO) 53 . The ETF-QO systems could function as a short electron pathway to bypass the slightly deleterious Complex I. Underpinning this hypothesis is evidence showing that the NADH-ubiquinone oxidoreductase 1 alpha subcomplex subunit 5 (NDUFA5) knockout mice have an increase in ETF. This suggests an increase in electron transfer via ETF to UQ may have initiated as a compensatory mechanism to reduce oxidative stress generated from Complex I 54 .
Which diet is best for Complex I diseases?
There is a world-wide increase in the prevalence of high fat and high carbohydrate diets 55 . These diets produce high levels of ROS which are major contributors to the development of metabolic diseases 56 . This environment of hyper nutrition may be exacerbating the phenotypes of Complex I disease patients, potentially pushing individuals with 'mild/subclinical' mutations to produce ROS at pathogenic levels. We propose that the studies reported above support the notion that certain diets are more favourable for mitochondrial disease patients with Complex I dysfunction ( Table 1) .
High protein diets or high carbohydrate diets that produce large amounts of the Complex I donor NADH are unfavourable due to their propensity to produce high amounts of ROS. Reduction of ROS and therefore reduction in oxidative stress could be achieved in two ways. Either through reducing mitochondrial respiration by increasing glycolysis, or bypassing Complex I by increasing the relative amount of beta-oxidation derived fatty acyl-CoA. With increased glycolysis, there is a trade-off between ROS production and energy production so that a glycolysisreliant metabolism may not produce sufficient energy for good health. However, a shift to beta-oxidation in a high fat diet, or a high carbohydrate diet that has increased lipogenesis, may allow sufficient energy production while minimising ROS production.
Dietary interventions are already among the treatments currently being tested in mitochondrial disease patients. Ketogenic diets (high fat, moderate protein and low carbohydrate) which favour mitochondrial respiration rather than glycolysis for energy metabolism have been tested as therapies for several diseases including cancer, epilepsy and mitochondrial disease 57, 58 . In support of the use of ketogenic diets for patients with Complex I mutations is that the diets increase beta-oxidation (which will produce more fatty acyl-CoA that circumvents Complex I through the ETF-QO systems) and reduce oxidative stress. The diets also increase mitochondrial biogenesis, which could be unfavourable if that increases the amount of mutationbearing mtDNA. However, studies in cell lines suggest that the diet could actually lead to heteroplasmic shifting which increases the relative amount of non-mutated mtDNA 58, 59 .
Interestingly some of the drug treatments currently being trialed for patients with mitochondrial Complex I dysfunction influence the same processes as the dietary interventions (reviewed in Koopman, et al.
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). Drugs such as Curcumin, Idebenone and EPI-743 increase cellular antioxidant levels to reduce ROS levels. Idebenone also delivers electrons directly to complex III, thereby bypassing a deficient Complex I. Coenzyme Q10/ ubiquinone supplementation has been tested primarily for its antioxidant properties, but it may also increase the ETF-QO system function to allow bypassing of Complex I.
There are several potential caveats for the therapeutic potential of high fat or high carbohydrate diets. In particular the potential risk of generating obesity in high energy diets. Furthermore, in order to evaluate the potential of the proposed diets for treating patients with Complex I mitochondrial diseases, we also need to determine whether increases in lipogenesis and beta-oxidation are metabolically favourable in high carbohydrate diets. We will also need to determine whether the the ETF-QO system is able to be upregulated sufficiently to meet energy requirements. More work needs to be done in model organisms (e.g. Drosophila, mice) to test the feasibility of these dietary interventions for Complex I diseases. In order to understand the effects of the diets on energy metabolism, measurement of metabolites including ROS, ATP, lactate (as a marker for glycolysis), malonyl-CoA (as a marker for lipogenesis), ketones (as a marker of fatderived energy metabolism), and the NADH:FADH 2 ratio (with fluorescence microscopy) 61 would be required. Potentially, the method for measurement of NADH: FADH 2 ratio might require some technical development in the living organism.
Conclusions
We propose that rare human diseases that are caused by mutation in mitochondrial Complex I are exacerbated by dietary macronutrient composition. Further, current evidence suggests that diet can modulate mitochondrial functions and affect organismal health. If true, this implies the possibility of manipulating macronutrient ratios as a treatment for some mitochondrial dysfunction-associated diseases. Diets that produce low amounts of ROS and sufficient ATP with a low NADH: FADH 2 ratio are predicted to be beneficial for individuals with mild OXPHOS Complex I dysfunction. 
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